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We perform ultrahigh-resolution angle-resolved photoemission experiments at a temperature T = 0.8 K on
the type-II Weyl semimetal candidate WTe2. We find a surface Fermi arc connecting the bulk electron and hole
pockets on the (001) surface. Our results show that the surface Fermi arc connectivity to the bulk bands is
strongly mediated by distinct surface resonances dispersing near the border of the surface-projected bulk band
gap. By comparing the experimental results to first-principles calculations, we argue that the coupling to these
surface resonances, which are topologically trivial, is compatible with the classification of WTe2 as a type-II Weyl
semimetal hosting topological Fermi arcs. We further support our conclusion by a systematic characterization
of the bulk and surface character of the different bands and discuss the similarity of our findings to the case of
topological insulators.
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Weyl semimetals (WSMs) have recently attracted a lot of
attention due to their unique electronic structure and transport
properties [1–5]. They are predicted to host relativistic elec-
trons appearing in the form of spin-polarized topological Fermi
arcs [1,4,6] and to exhibit extremely high mobilities which are
crucial for enhancing the efficiency of future electronic devices
[6,7]. These properties offer a rich platform for the realization
of a huge magnetoresistance [8,9], with values exceeding the
ones achieved in semiconductors and metals so far [10], paving
the way for novel applications of WSMs in future information
technologies as well as in spintronics [7,11].
In WSMs, the topological Fermi arcs arise as low-energy
excitations on the surface [6,12], and connect the projections of
the so-called Weyl points which appear in pairs of opposite chi-
rality [1,2,4]. This is different from Dirac semimetals, where
the three-dimensional (3D) Dirac-crossing point between bulk
conduction and valence bands arises from a pair of Weyl points
that are degenerate in energy as a result of the crystal symmetry
[13,14]. Therefore, to lift the degeneracy of the projected
Weyl points in a 3D Dirac semimetal, breaking time-reversal
or space-inversion symmetry is required [13,15], which, in
concurrence with strong spin-orbit coupling, results in a WSM
phase with nontrivial Fermi arcs that are distinct from surface
states in topological insulators (TIs) [16]. Thus, 3D Dirac
semimetals with strong spin-orbit coupling can be viewed as
the parent phase of WSMs, which can be classified into type I
and type II. In type-I WSMs, which respect Lorentz invariance
[1,4], the projection of the 3D conical dispersion of the bulk
bands results in a pointlike Fermi surface at the Weyl point [6].
Recently, type-I WSMs have been confirmed experimentally
in nonmagnetic materials of the TaAs family of crystals,
primarily using angle-resolved photoemission spectroscopy
(ARPES) [17–20]. Although the unambiguous identification
of nontrivial Fermi arcs in these experiments has proven to
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be a challenging task, certain criteria have been given for
this purpose [21]. Type-II WSMs, on the other hand, are
Lorentz symmetry breaking and become manifest in a highly
tilted Weyl cone in energy-momentum space [22]. As a result,
type-II Weyl points emerge at the boundaries between bulk
electron and hole pockets, and the Fermi surface is completely
different than that of type-I WSMs [22]. This distinction
gives rise to a different kind of Weyl fermion that might
be responsible for a number of exotic phenomena that are
unique for type-II WSMs, such as various magnetotransport
anomalies [23], squeezing and collapse of the Landau levels
[24], a modification of the anomalous Hall conductivity [25],
or a magnetic breakdown of quantum oscillations due to Klein
tunneling [26].
Most recently, WTe2, known for its large, nonsaturating
magnetoresistance [27], has been predicted to be a type-II
WSM hosting topological Fermi arcs [22]. The Weyl points
in WTe2 are located above the Fermi level, making it difficult
to resolve them using conventional ARPES. However, on the
(001) WTe2 surface it is possible to use conventional ARPES to
identify topologically nontrivial Fermi arcs, as the arcs should
connect electron and hole pockets with opposite Chern number
[22]. Following this criterion, only very recently have a few
ARPES studies been aimed at the identification of nontrivial
Fermi arcs in WTe2 at temperatures above ∼7−10 K [28–32].
However, on the basis of the interpretations of the available
experimental data, a consensus on the topological character of
the observed surface states has not yet been fully reached.
Moreover, triggered by the theoretical prediction of other
potential surface states not yet observed experimentally [22],
a complete picture of the bulk or surface character of the
different features contributing to the ARPES spectral function
is still missing.
To investigate these issues, here we perform ultrahigh-
resolution ARPES experiments at a temperature T = 0.8 K
with the aim of fully resolving the surface Fermi arc con-
nectivity to the bulk electron and hole pockets in WTe2. Our
main finding is that the connectivity of the surface state is
2469-9950/2016/94(16)/161401(5) 161401-1 ©2016 American Physical Society
RAPID COMMUNICATIONS
J. S ´ANCHEZ-BARRIGA et al. PHYSICAL REVIEW B 94, 161401(R) (2016)
strongly mediated by distinct surface resonances dispersing
near the border of the surface-projected bulk band gap, and at
the boundaries of the electron and hole pockets. We argue that
the coupling to the surface resonances, which are topologically
trivial, is compatible with the identification of WTe2 as a type-
II WSM. We further support our conclusion by first-principles
calculations and a systematic characterization of the bulk and
surface characters of the different bands. Finally, we discuss
the analogy of our observations to the case of TIs.
Photoemission experiments were performed with the
ARPES 13 endstation at the beamline U112-PGM2b of the
synchrotron radiation source BESSY-II. Measurements were
taken at a temperature of 0.8 K with a Scienta R4000 analyzer
and under ultrahigh vacuum conditions with a base pressure
below 1 × 10−10 mbar. The (001) WTe2 band structure was
characterized by using different photon energies varying
between 20 and 80 eV and linear p polarization of the incident
light. The angular and energy resolutions were set to 0.2◦
and 1 meV, respectively. The sample surface was prepared
by cleaving at ∼10 K, and was shown to be highly suitable
for ARPES experiments with high resolution. It is known
that two possible cleavages (A and B), most likely related
to two types of surface terminations [30], lead to two different
band structures in WTe2 [28,30]. Type A, where no surface
states exist between the electron and hole pockets, was not
observed in the present experiments. This fact might be related
to the cleavage conditions, as we consistently observed only
one type of cleavage. Therefore, the present work is focused
on the type B electronic structure of WTe2, which is the
only one relevant to confirm the theoretical prediction [22].
First-principles calculations were performed within the density
functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP) [33,34]. Projector augmented
wave (PAW) [35] pseudopotentials were used to represent
the valence and core electrons. The exchange correlation
was represented within the general gradient approximation
(GGA) and Perdew-Burke-Ernzerhof for solids (PBEsol)
parametrization [36].
Figure 1 shows high-resolution ARPES maps taken with
20 eV [Figs. 1(a)–1(d)] and 23 eV [Figs. 1(e) and 1(f)] photons.
Very clearly, the bulk electron and hole pockets (denoted as
EP and HP in Fig. 1, respectively) appear as circular contours
which change in size as a function of binding energy (BE).
The holelike (electronlike) behavior of the bands becomes
manifest in the increasing (decreasing) size of the circular
contours when moving away from the Fermi level [Fig. 1(a)]
by up to 30 meV BE [Figs. 1(b)–1(d)]. Changing the photon
energy (hν) probes the momentum perpendicular to the surface
kz, and thus the dispersion of the bulk bands [37]. Due to
the large lattice constant of WTe2 (c ∼ 14 ˚A) [38], a change
from hν = 20 to 23 eV is equivalent to a variation in kz from
2.95 to 3.08 ˚A−1. If we compare the constant-energy surfaces
extracted at a BE of 20 meV in Figs. 1(c) and 1(e), the size of
the electron and hole pockets also changes as a function of kz
due to their 3D character. However, a noticeable kz dispersion
is not evident in Fig. 1 for any other states contributing
to the ARPES intensity, indicating that they contain a high
surface contribution. The most prominent feature is the arclike
structure (labeled SS in Fig. 1) connecting the bulk electron
and hole pockets, at first glance consistent with the theoretical
FIG. 1. High-resolution ARPES maps taken at T = 0.8 K with
(a)–(d) 23 eV and (e), (f) 20 eV photons. (a) Fermi surface of WTe2.
In (b)–(f), the constant-energy contours are extracted by varying the
binding energy (BE) in steps of 10 meV, as indicated in each panel.
The different states contributing to the ARPES intensity are labeled
accordingly (see text), and their contribution is sketched in the inset
of (c). The horizontal momentum axis is parallel to the -X high-
symmetry direction of the surface Brillouin zone.
prediction [22]. In fact, as the two pockets are formed by
well-separated bands, this result immediately suggests that we
indeed observe the theoretically predicted topological Fermi
arc.
A closer look to the constant-energy surfaces of Fig. 1
reveals the existence of other features (labeled as SR1 and
SR2) appearing at the borders of the hole and electron pockets.
The SR1 feature is most intense at the Fermi level in Fig. 1(a),
where it appears as a sharp and straight line connecting the two
ends of the arclike structure at the border of the electron pocket.
The SR2 feature, on the other hand, is better seen in Figs. 1(b)–
1(d) and connected to the opposite ends of the arclike structure
near the border of the hole pocket. We observe that both
SR1 and SR2 states slightly overlap with the bulk continuum,
indicating that they are surface-resonance features [39] rather
than pure bulk states. The inset of Fig. 1(c) summarizes the
contribution from the different states as extracted from the
constant-energy maps. Their characteristic dispersion suggests
that the connectivity of the arclike structure to the bulk pockets
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FIG. 2. Energy-momentum dispersions obtained along momen-
tum cuts that are parallel to the -X [(a)–(h)] and -Y [(i)–(l)]
high-symmetry directions of the SBZ. The different cuts (labeled
from 1 to 8) are sketched in the inset of (c) and (i), respectively.
Measurements are taken at hν = 25 eV [(a), (g), and (h)], hν = 23 eV
[(b)–(f)], and hν = 80 eV [(i)–(l)].
is directly mediated by the two surface resonances located
at the opposite edges of the gap. We point out that these
surface resonances are topologically trivial states as they do
not connect the electron and hole pockets, in contrast to the
Fermi arc structure observed inside the gap. This finding
suggests a complex connectivity between topologically trivial
and nontrivial states in the near surface region.
Therefore, to further examine the connectivity between the
arclike surface structure and the bulk electron and hole pockets,
in Fig. 2 we show various energy-momentum dispersions
obtained along momentum cuts that are parallel to the -X
[Figs. 2(a)–2(h)] and -Y [Figs. 2(i)–2(l)] high-symmetry
directions of the surface Brillouin zone (SBZ). The different
cuts (labeled from 1 to 8) are sketched in the inset of Figs. 2(c)
and 2(i), respectively. Measurements are taken at hν = 25 eV
[Figs. 2(a), 2(g), and 2(h)], hν = 23 eV [Figs. 2(b)–2(f)], and
hν = 80 eV [Figs. 2(i)–2(l)], demonstrating that the sharp and
intense surface features can be observed in a wide range of
photon energies, here corresponding to the sixth [Figs. 2(a)–
2(h)] and tenth bulk Brillouin zone (BBZ) [Figs. 2(i)–2(l)].
Note that the kz dispersion of the bulk bands is also apparent
by the movement of the top of the hole pocket above the Fermi
level at  [Figs. 2(a) and 2(b)], or by the filling of intensity
inside the electron pocket when comparing Figs. 2(e) and 2(h).
The characteristic dispersion of the different surface fea-
tures can be clearly identified in Figs. 2(a) and 2(b) (cut
1). In particular, the highest intensity contribution from the
FIG. 3. kz dispersion of (a) the bulk electron and (b) hole
pockets obtained at kx = 0.36 and 0.18 ˚A−1, respectively. (c), (d)
Similar results obtained at (c) kx = 0.29 ˚A−1 and (d) kx = 0.32 ˚A−1,
containing prominent contributions from SS, SR1, and SR2 states.
Measurements are taken around 21 eV photon energy along the
Z--Z direction of the BBZ. Each panel contains an inset with EDCs
extracted at the kz values indicated by vertical arrows.
SR1 state rims one side of the electron pocket, while the
intense SR2 state rims the opposite side of the hole pocket.
In addition, the SS feature exhibits a nonlinear dispersion
connecting the bottom of the electron pocket with the top of
the hole pocket through the SR1 and SR2 states, respectively.
Such a unique connectivity, which is the manifestation of the
surface hybridization, can also be seen in momentum cuts
slightly away from the -X direction in Fig. 2(c) (cut 2),
and Figs. 2(f) and 2(g) (cut 3) where we zoom in on the region
marked by a white rectangle in Figs. 2(e) and 2(h), respectively.
The connectivity eventually disappears when the cut is outside
the hole pocket window in Fig. 2(d) (cut 4). As expected, the
bottom of the SS band lies only slightly below the Fermi level,
revealing its electronlike character [see Figs. 2(i)–2(l)].
In Fig. 3, we further confirm the bulk and surface character
of the different bands by systematic photon-energy-dependent
measurements taken around 21 eV along the Z--Z direction
of the BBZ. The kz dispersions are obtained along -X at
various kx points where the intensity contribution from the bulk
electron [Fig. 3(a)] and hole pockets [Fig. 3(b)] as well as from
the different surface features [Fig. 3(c) and 3(d)] is resolved
independently. Each contribution is also emphasized in the
corresponding energy-distribution curves (EDCs) shown as an
inset. The 3D nature of the electron and hole pockets as well
as of other bands at higher BE can be visualized in Figs. 3(a)
and 3(b) by a noticeable kz dispersion which is otherwise ab-
sent in Figs. 3(c) and 3(d) for SS, SR1, and SR2 states owing to
their two-dimensional (2D) character. This scenario is further
supported by our first-principles calculations shown in Fig. 4,
which reveal qualitative agreement with the experiments. Our
calculations show that the surface resonances SR1 and SR2
contain a strong orbital weight from Te p and W d states
within the topmost surface layers. In particular, both resonant
features exhibit much larger localization within the second
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FIG. 4. Band-structure calculation of WTe2 along the -X
direction of the SBZ. The crystal structure of the topmost surface
layers is shown on the right as an inset. The buckled W layer lies
between Te layers forming triple layers (TLs) stacked with van der
Waals bonding. Gray solid lines represent bulk states, and blue and
red colors indicate the localization of the surface features SS, SR1,
and SR2 within the first and second TL from the surface. The size
of the color circles represents the orbital weight from Te p and W d
states in the first and second TL.
Te-W-Te triple layer (TL) of the crystal structure as compared
to the SS feature which is purely 2D. The qualitative agreement
also indicates that the coupling of the SS feature to the electron
and hole pockets is governed by p-d hybridization through the
SR1 and SR2 states, respectively. This result is in principle
consistent with the expectation of a highly 2D electronic
structure of WTe2 due to its layered structure. However, we
point out that the exact contribution from SR1 and SR2 states
to magnetotransport is not yet known.
A similar connectivity through the surface resonances is
expected for the second surface state lying above the Fermi
level (labeled SS∗ in Fig. 4), implying that interruptions of
the surface bands around the Weyl points are unlikely. This
result is also consistent with the fact that the calculated surface
localization of the SS and SS∗ features is weakly momentum
dependent. Therefore, one can naturally expect this kind of
surface connectivity to be a general phenomenon in type-II
WSMs. The physical picture underlying the coupling between
trivial and nontrivial states revealed by our experiments and
calculations in WTe2 has similarities to the one observed
previously in TIs [40]. In the latter, distinct surface resonances
mediating the coupling between bulk bands and the topological
surface state were observed above and below the Fermi level
[40–42]. The difference in the present case is the much nar-
rower dispersion of the arclike surface feature in momentum
space, which in addition remains largely localized within the
first TL. This scenario evidences the strong impact of the
surface hybridization in WTe2 on the momentum-dependent
group velocity of the arclike feature, in contrast to the case of
TIs where the overall coupling between the surface features
was found to be weak [40]. Our findings, as well as the
details of the surface hybridization discovered here, provide
strong circumstantial evidence for WTe2 being a type-II Weyl
semimetal hosting topological Fermi arcs.
Note added. Recently, we became aware of two ARPES
works on WTe2 arriving at opposite conclusions [28,30]. We
point out that observing the surface Fermi arc in ARPES is
not sufficient to conclude whether or not WTe2 is a type-II
WSM. It is the critical role of bulk-to-surface coupling in the
connectivity of the surface Fermi arc revealed by our work
which allows us to provide strong spectroscopic evidence.
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